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Abstract 
In corrosive environments such as CCS bore holes or geothermal power plants the materials loaded cyclically are also 
exposed constantly to the highly corrosive hot thermal water. The lifetime reduction of (X46Cr13, AISI 420C) is 
demonstrated in in-situ-laboratory experiments (T=60 °C, geothermal brine: Stuttgart Aquifer flow rate: 9 Nl/h, CO2). 
S-N plots, micrographic-, phase-, fractographic- and surface analysis were applied to obtain sustainable information 
on the corrosion fatigue behavior. Maximum number of cycles (here 12.5 x 106 cycles to failure) is reached at a 
=173 MPa. No typical fatigue strength exists and passive corrosion fatigue is most likely failure cause. 
 
© 2013 The Authors. Published by Elsevier  Ltd.  
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1. Introduction 
Stainless steels such as AISI 420 (X46Cr13) are commonly used for manufacturing components 
providing good mechanical properties and moderate temperature dependence combined with corrosion 
resistance. However, serving as injection pipes or transport pipelines in CCS (carbon capture and storage 
[1-3]) technology, CO2-corrosion is a dreaded phenomenon because it decreases the borehole integrity 
due to failure of pipelines and wells [4-8]. When injecting CO2 or exhaust emission into deep geological 
layers consisting of saline aquifer waters, as found in deposits of the Northern German Lowlands [9], 
CO2-corrosion is sensitively dependent on factors such as: alloy composition, environmental temperature, 
CO2 partial pressure, flow conditions and protective corrosion scales [4,6,10-12]. Usually steels used for 
 
* Corresponding author. Tel.: +49 30 8104 3119; fax: +49 30 8104 1517. 
E-mail address: anja.pfennig@htw-berlin.de. 
Available online at www.sciencedirect.com
 2013 The Authors. Published by Elsevier Ltd.
election and/or pe r- eview under responsibility of GH T
 Anja Pfennig et al. /  Energy Procedia  37 ( 2013 )  5764 – 5772 5765
engineering at CCS-sites are loaded statically, but components in contact with transported media, CO2, or 
the aquifer water or even both are loaded dynamically. The coactions of both mechanical and 
electrochemical actions results in corrosion-fatigue phenomena. This leads to severe reduction of design 
parameters such as yield strength, tensile strength and when the design is loaded dynamically endurance 
strength. To establish the integrity of the borehole it is necessary to obtain results from laboratory 
experiments that will focus on the fatigue life (number of cycles to failure) at different stress amplitudes 
as found in the field. In order to gain knowledge upon the corrosion fatigue strength of materials, a 
corrosion chamber for "in situ" conditions at was designed and successfully tested. 
 
Materials loaded cyclically under pressure and exposed constantly to the highly corrosive hot thermal 
water (up to ca. 200 °C, ca. 100 bar, ca. 20 % salinity of  the geothermal water) where fluid properties 
may differ strongly [13]. This leads to corrosion fatigue and thus inevitably to the reduction of the 
lifetime of these components. The corrosive attack of carbon steels at 140 °C in highly saline water 
carbon steels have proved these materials as completely inappropriate, whereas CrNiMo-steels may be 
corrosion resistant but are susceptible towards crevice corrosion [13,14]. Increasing chromium content of 
steels (ferritic Cr-steel X3Cr12 (12% Cr), austenite X6CrNiMoTi17-12-2 (17% Cr) and duplex steel 
X2CrMoN22-5-3 (22% Cr)) will give the same results under cyclic load as stated from non-mechanical 
stress corrosion tests: the endurance limit will increase with increasing chromium content [15]. Also 
internal compressive stress in surface regions will enhance the endurance limit of these materials [16,17]. 
The influence of frequency, temperature and chloride concentration on the corrosion fatigue behavior is 
very well known in literature [18-20]. In general corrosion processes with or without applied mechanical 
stress are enhanced, especially in steels with low chromium content [21], with the presence of chloride 
[22,23], hydrogen sulfide (H2S) [24,25] and CO2 [26-28]. The stress corrosion resistance under 
unidirectional load in CO2-saturated brines [29,30] and the endurance limit [31,32] will decrease with 
increasing temperature, increasing mechanical load and decreasing pH for high alloyed steels. 
This work was carried out to assess the influence of corrosive media as found in CCS and geothermal 
energy production on the mechanical behaviour of steels. This knowledge may be used to estimate the 
endurance limit of steels during CO2-injection into aquifer water reservoirs and predict the reliability of 
steels used in on-shore CCS sites. 
 
2. Design of Corrosion Chamber 
The objective was to simulate in-situ conditions (temperature up to 100 °C, corrosive environment) of 
a material exposed to mechanical stress and corrosive gas- saturated saline aquifer environment, such as 
pipes for liquid transportation or injections pipes at a CCS-site or components in geothermal power plant. 
One characteristic is the fixing of the corrosion chamber directly onto the sample leaving the resonant 
testing machine unaffected (figure 1). The other is the corrosive media constantly flowing around the 
sample during mechanical stress-strain tests. 
 
Figure 1 shows corrosion chamber and schematic drawing simultaneously realizing temperature, 
flowing liquid and corrosive gasses. A magnetically driven gear pump (3) pumps the corrosion medium 
from the reservoir (4) to the corrosion chamber (1) surrounding the test specimen (2). The pump is 
dimensioned for laminar flow speeds. All components in contact with the corrosive medium consist of 
corrosion-and temperature-resistant materials (titanium grade 2). Heating the corrosion medium is 
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realized by the two heating elements (5, 6) [34] which are installed on the corrosion chamber and on the
reservoir tank (figure 2). The volume of the corrosion medium satisfies requirements of DIN 50905 Part 
1, providing minimum required corrosive medium of 10 ml/cm² in relation to the sample surface [35].
Fig. 1. Corrosion chamber and schematic set up of the in-situ testing equipment.
Fig. 2. Experimental setup: corrosion chamber applied to resonance testing machine. Middle: Results auf measurements with strain
gauges SG are in good agreement with and without corrosion chamber.
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The special fixing of the corrosion chamber directly onto the test specimen offers the substantial 
advantage, that the chamber can be flexibly used in almost every test machine. To assess the influence of 
the corrosion chamber on the expansion behavior of the sample, comparative measurements were 
performed with two strain gauges (SG). No show influence of the chamber on the strain behavior of the 
sample is shown (Figure 2, middle). The connecting via clamping collar [36] creates a force-fit process 
ensuring enough force to the corrosion chamber at high frequencies to keep it firmly on the test specimen. 
The corrosion chamber is sealed in the area of restraint over 0-rings made of Viton. In order not to 
impede the change in length occurring during the experiment, the corrosion chamber has a motion-
compensating element. This is realized by a membrane with the advantage of very low installation height. 
Replacement of the membrane after about 150 million numbers of cycles showed no visible signs of wear. 
3. Materials and in-situ fatigue testing 
Exposure tests in CO2-saturated aquifer brine were carried out using samples made of soft annealed 
specimen of X46Cr13 (1.4034, AISI 420 C).  The alloy composition was analyzed by spark emission 
spectrometry SPEKTROLAB M (Spektro) (0.45% C, 0.46% Si, 0.31%Mn, 0.016% P, 0.001%S, 13.11% 
Cr).  The tensile strength of the base material it has been determined by testing in a universal testing 
machine (DIN EN ISO 7500 T1 - 100 kN - 1, model INSTRON). The yield strength was determined at a 
constant strain rate of 0.00025 s and constant crosshead speed of 0.201 mm/s until failure. The 
characteristic results are: t (Rm)=678-698 MPa, y (Rp0,2) 323-356 MPa and A = 24-25.5%. 
To determine the corrosion fatigue strength a round sample design [37] was applied (Figure 3). The 
corrosion camber is directly fixed and sealed onto the samples (figure 2). The continuously decreasing 
diameter of the sample results in 12.5 mm minimum area. To exclude the large influence of 
heterogeneous surface qualities, the surface of the samples does not undercut 25 cm² [34].  
 
 
 
 
 
 
 
 
 
Fig. 3. Schematic drawing of fatigue test sample. 
The CO2 injected into the borehole of the CCS-test site at the Northern German Basin as well as the 
CO2 used throughout these experiments is of the purity 99,995 vol.-%. The brine (as known to be similar 
to the Stuttgart Aquifer [33]: Ca2+: 1760 mg/L, K2+: 430 mg/L, Mg2+: 1270 mg/L, Na2+: 90,100 mg/L, Cl-: 
143,300 mg/L, SO4
2-: 3600 mg/L, HCO3
-: 40 mg/L) was synthesized in a strictly orderly way to avoid 
precipitation of salts and carbonates. This led to a rather unusual high starting pH of the brine of about 
9.2. The pH of the synthesized aquifer water after the experiments was between 5.2 and 5.6 revealing the 
total saturation of the brine with CO2. Flow control (9 NL/h) of the technical CO2 (purity 99,995 vol.-%) 
into the brine at ambient pressure was done by a capillary meter GDX600_man by QCAL Messtechnik 
GmbH, Munic. 
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4. Results and Discussion 
The corrosion fatigue strength of stainless steel with 13% chromium (1.4034, soft annealed condition, 
surface roughness Rz=4) is examined in dynamic stress-strain tests. The corrosive impact of the sample 
surface is given by CO2-saturated aquifer (Stuttgart aquifer), which is heated to 60 °C. The mechanical 
load is introduced by a resonance testing machine (sinusoidal dynamic test loads, R=-1 ; resonant 
frequency ~ 30 Hz). Without corrosive environment the fatigue strength of the material (theoretically an 
infinite number of load cycles without failure) is 270 MPa. The fatigue limit line has a relatively smooth 
slope; even at 330 MPa, the endurance limit for low cycle fatigue can be observed (a few thousand load 
cycles to failure). The decrease in corrosion fatigue strength of the 1.4034 samples with increasing 
number of cycles is much larger in corrosive environment than in air (Figure 4). At stress amplitudes 
between 173 MPa and 270 MPa, a low Wöhler-exponent of k = 6.3 is detected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. S-N-curve von X46Cr13 exposed to flowing saline aquifer and CO2. 
 
In corrosive environment, the lowest number of cycles is 4.7 x 105 at stress amplitude 270 MPa. The 
largest number of cycles (1.15 x 107), after test duration of 106 hours, is recorded at stress amplitude 173 
MPa. Thus, here the corrosion fatigue strength is approx. 36% below the stress amplitude measured in air. 
For all samples that were tested at stress amplitudes between 173 MPa and 270 MPa (mostly 100 MPa - 
160 MPa) in corrosive environment, localized corrosion (pit corrosion or pitting) is identified as the cause 
of failure (Figure 5, right). Local corrosion phenomena like shallow pit corrosion and pits of various 
dimensions lead to crack initiation under mechanical load. Often pits are only 0.1 mm deep and 0.2 mm 
wide. This distinct corrosive damage shows short cracks about 0.05 mm in the components that are 
transversal to the sample length. Opening and closing of the crack during cyclic load enhances local 
corrosion. Once the crack opens he crack-flank surfaces corrode continuously during cyclic load (figure 
6).  
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Fig. 5. Local corrosion leads to crack initiation and is most likely failure cause. 
 
Crack propagation is then perpendicular to the direction of load. Striations were detected to a limited 
extent (figure 6), because of the roughness of the sample surfaces and the overlying corrosion products. 
Generally multiple cracks are found within the sample area mechanically loaded highest. As failure cause 
a separate form of passive corrosion fatigue is determined where cracks are caused by localized corrosion 
(Figure 5, left). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Left: Crack surface revealing fatigue cracking with corroded crack flanks. Top right: forced fracture of residual specimen 
cross section. Bottom right: Striations revealing deformation during fatigue crack growth. 
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5. Conclusion 
A flexible and adjustable corrosion chamber was designed to support stress-strain loaded corrosion 
fatigue experiments by enabling an in-situ corrosive environment which may be used up to 100 °C at 
ambient pressure. The performance of the resonance testing machine is not affected. The corrosion 
chamber may additionally be applied with measurement techniques such as electrodes for electrochemical 
testing, O2-partial pressure or gas partial pressure measurement or gas flow and gas mixing.  
The influence of corrosive environment, corrosive gasses such as technical CO2 and cyclic mechanical 
load on the corrosion fatigue behaviour was investigated for the soft annealed stainless steel X46Cr13 
(AISI 420C). These experiments support the material selection regarding pipes, axles, shafts and different 
components exposed to highly corrosive liquid environments such as geothermal brines, aquifer waters or 
liquids with high chloride concentration. Corrosion fatigue crack initiation behaviour of a soft annealed 
steel concluded that the role of corrosion pit at corrosion fatigue crack initiation is very important. Further 
studies need to evaluate the mechanism of corrosion pit initiation and quantitative evaluation of corrosion 
fatigue crack initiation life. The following conclusions for the corrosion fatigue behaviour of X46Cr13 
(AISI 420C) may be drawn: 
For all samples tested above 170 MPa stress amplitude localized corrosion ("pitting" or pit 
corrosion) is the cause for failure. 90% of the samples show typical multiple cracks initiating 
from a central pit of approximately 0.2 mm length.  
Crack initiation is a consequence of locally induced pit corrosion phenomena resulting in 
intercrystaline corrosion. Therefore, passive corrosion fatigue may be identified as failure cause.  
A typical fatigue strength as observed in S-N-curves from fatigue tests of X46Cr13 in air does 
not exist under corrosive conditions. The fatigue strength of the material in non-corrosive 
conditions of 285 MPa is reduced significantly (36%) due to corrosion. The maximum number 
of cycles (here 12.5 x 106 cycles to failure) is reached at stress amplitudes as high as 173 MPa.  
 
The corrosion fatigue behaviour is described by the pit corrosion induced crack propagation and local 
corrosion is not a consequence of mechanical load in the first place. Passive corrosion fatigue may be 
identified as failure cause.  
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